Amphiphilic molecules with hydrophobic tails and hydrophilic heads form micelles of various shapes and sizes above a minimum threshold concentration known as the critical micelle concentration (CMC). The CMC as well as the size and the shape of the aggregates formed depend on various factors, e.g., the length of the amphiphiles, their internal rigidity, and temperature. In this letter we report the results of a detailed investigation of the dependence of the CMC on temperature for different lattice models of the amphiphilic selfassembly. Ensuring that the CMC can be unambiguously associated with a peak in the heat capacity as a function of the amphiphilic concentration, we show that for the amphiphiles of different lengths and head-to-tail ratios, the CMC decreases rapidly as a function of the chain length, consistently with the experimental results. However, for a given chain length, different lattice models predict that the CMC is always an increasing function of temperature. We point out that these lattice models, although widely used, are inadequate to explain the decrease of the CMC with temperature, seen experimentally for non-ionic surfactants.
this effective-lattice model, we would like to make a few remarks about the continuum models. Most of the molecular dynamics (MD) simulation studies on continuum models have been carried out for a small number ( 100) of realistic amphiphilic chains [22] [23] [24] [25] . Recently Maillet, Lachet, and Coveney have [26] reported a fully atomistic study of the structure and dynamics of micelles of approximately 50 realistic amphiphiles surrounded by 3000 water molecules, taking into account the relevant long-range interactions and stretching the MD run up to 3 ns. Because of the small concentration of the amphiphiles (relevant for micelle formation), monitoring the solvent degrees of freedom exhausts most of the computer time. This inhibits the study of aggregation properties for a large number of amphiphiles. Naturally, simpler effective-continuum models have also been studied through MC and MD simulation where the solvent degrees of freedom have been eliminated at the cost of effective interaction parameters among amphiphilic segments only. These off-lattice models without the solvent particles are very enticing for numerical expediency and many of the features are qualitatively similar [27] [28] [29] [30] . The lattice versions of these continuum models without the solvent particles (we will refer to them as effective-lattice models (ELM)) have not been studied in the context of amphiphilic self-assembly so far.
The purpose of this letter is twofold. First, we report the self-assembling properties of the amphiphiles in the ELM proposed here and compare the results with those obtained from other lattice models which include the solvent particles explicitly. Second, by carrying out extensive MC simulation for different chain lengths, concentrations, and temperatures on these lattice models, both with and without the solvent particles, we establish an important generic result: the CMC in the lattice models in this class always increases with increasing temperature. We point out that this is an obvious limitation of these lattice models because experimental investigations on various amphiphiles show [31] that the CMC for non-ionic surfactants decreases with increasing temperature. We discuss the limitations of these models and suggest further improvements.
First we show the MC simulation results for the Care model where the amphiphiles are confined to a three-dimensional (3D) cubic lattice of size L. In this model an amphiphile H m T n of length (m + n − 1) consists of m hydrophilic heads (H) and n hydrophobic tails (T) connected by m + n − 1 bonds. We use the notation unimer to represent each isolated amphiphile while a monomer represents either a head or a tail particle. We consider N A of such amphiphiles which occupy (m + n)N A lattice sites. The remaining N w = L 3 − (m + n)N A sites are occupied by the solvent particles. The total energy of the system is given by
where n T S , n H S , n H S are the total number of tail-solvent (subscript T S), head-solvent (subscript H S), and head-head (subscript H H ) bonds of strengths T S , H S , H H respectively and i i c represents the conformation energy which may include bending energies as well. All other interactions H H , H T , and SS are set to zero. Defining γ = H S / T S ( T S will assumed to be always positive indicating a repulsive interaction between a tail particle of the amphiphile and the solvent), η = H H / T S ,¯ i = i / T S , the above equation can be written as
The parameter γ is a measure of hydrophobicity and is crucial in this model. The model exhibits micelle formation and contains many interesting features. Care and co-workers have studied some aspects of this model [12] [13] [14] [15] earlier. More recently we have investigated micellar energy and size fluctuations in this model in 2D [16] . Here we explore the properties of this model near the CMC in 3D.
Results of the temperature dependence of the CMC for H 1 T 2 , H 1 T 3 , and H 2 T 4 are reported here. Simulation details can be found in reference [16] . Figure 2 shows the variation of unimer concentration X 1 (top) and specific heat C v (bottom) as a function of the total amphiphilic concentration (X) for H 1 T 2 (left) and H 1 T 3 (right) respectively. We have checked that H 2 T 4 also exhibits similar features. The unimer concentration X 1 increases almost linearly until it reaches a maximum value (X 
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feature by carrying out simulation while approaching this regime, X max X X ∞ , both from X > X ∞ and from X < X ∞ . We get the same result and conclude that this decrease of X 1 in this regime is not an artifact of the simulation.
The physical origin of this initial decrease of X 1 followed by a saturation becomes obvious on looking at the evolution of the cluster distribution (i.e. micellar size distribution) function P n as a function of X in this interval. We find that for X < X max , P n is a monotonically decreasing function of the micelle size n. But for X X max , P n develops a minimum and a peak. It becomes energetically more favourable for larger clusters to occur even at the expense of lowering of X 1 which causes a slight decrease of X 1 . Beyond X ∞ the entropy of the unimers prevails over the relative gain in energy for the formation of bigger clusters 4 and the unimer concentration stays roughly the same. One then expects the CMC to lie in the range X max X X ∞ , which we characterize in the following way. Figures 2(c) and 2(d) (bottom left and right) show the variation of the specific heat (C v ) as a function of X for H 1 T 2 and H 1 T 3 . C v shows a peak in the region X max X X ∞ -to be more precise, at X ∼ X ∞ . We have observed similar features for the longer amphiphiles H 2 T 4 . From these figures, it is suggestive that the CMC can be identified as being the value of X where the value of the specific heat is maximum. In order to establish this unambiguously, we have also studied the variation of the specific heat with temperature 5 for fixed X. Only the results for H 1 T 3 are shown in figure 3 , although similar results are seen for other chain lengths with different head-to-tail ratios. The peak for X = 0.001 occurs at T = 1.04. A comparison with figure 2 (bottom right) shows that for X = 0.001 the peak should indeed occur somewhere for T > 1.0. We show later (figure 6) that the data obtained from the temperature sweep at a fixed X = 0.001 (C v peaks at T = 1.04) fit well with other sets of data obtained from runs shown in figure 2. Therefore, from these studies it is clear that the temperature variation of the CMC can be obtained quite accurately from the positions of the specific heat peaks. Even from a cursory look at the data shown in figure 2, one can see that for a given chain length the CMC increases with increasing temperature. We will make this statement more quantitative shortly. We now discuss the results of a similar investigation for the ELM and demonstrate that this model also contains the same qualitative features. The Hamiltonian for this model can be written as (2)), we set the conformation energy terms in both models to be zero (¯ i c =ε i c = 0). We also set H H = 0 in equation (2), as is the case for neutral amphiphiles (but not in equation (3) describing the ELM). Equations (2) and (3) simplify to
Notice that in both of the models amphiphilicity is introduced in an ad hoc fashion through negative values of γ or γ eff , the origin of which lies in the hydrophobic effect. Therefore one would expect the model introduced in this paper (without the explicit presence of solvents) to also qualitatively reproduce the results obtained from the Care or the Larson model. A rough estimate of energy can be made in order to compare the results obtained from these two models as follows. We look at the energy gain of two amphiphiles as they lie next to each other (forming a dimer) compared to the energy of the two isolated unimers (see figure 4) . From the Hamiltonian given by equation (4) (with T S = 1) and referring to figure 4, E old = 2(5γ + 13) ( figure 4(a) ), E new = 2(5γ + 10) ( figure 4(b) ). Therefore E = E new − E old = −6, and E/(k B T ) = −6 for k B T = 1. In the ELM, according to equation (5) (4) and (5) respectively. It is worth pointing out that in obtaining the above energy estimates we have not paid any attention to the entropy of the solvent particles. We will come back to this point in our concluding remarks. Figure 5 shows the variation of X 1 and the specific heat as a function of the total concentration X for three different temperatures which are chosen according to the above discussion in order to compare these results with those shown in figure 2. Comparing the results for the temperature 0.5 in figure 5 with those for T = 1.0 in figure 2 , we find that the variations of X 1 and C v as a function of temperature are indeed qualitatively very similar. It is reassuring that even the slight decrease in the value of X 1 near the CMC is also present in this model. Therefore this effective-lattice model without the solvents also has a CMC, which can be ascertained from the position of the corresponding specific heat peak in the X-X 1 plane. Moreover a comparison of the curves for T = 1.0 in figure 2 with those for T = 0.5 in figure 5 reveals that the magnitudes of X 1 and X cmc (and hence the positions of the specific heat peak) are very close in these two models. From these detailed investigation of the dependence on X and T of X 1 and C v , we are now in a position to plot the variation of X cmc as a function of T for different amphiphiles obtained in different lattice models. These MC simulation results are summarized in figure 6 . The inset shows the same for the effective model for H 1 T 3 . From figure 6 it is clear that both the lattice models-one where the solvent particles are explicitly present and the other an effective-lattice model without the explicit presence of the solvent particles-predict an increase in X cmc with increasing temperature. Moreover, from the absolute value of X ( X cmc ) at the CMC we find that the CMC decreases very rapidly with increasing chain length.
The above prediction of the variation of CMC with the chain length seen in lattice models is consistent with experimental results [31] . In contrast, the experimental results on the variation of the CMC as a function of temperature for non-ionic surfactant are very different [31] . For example, for non-ionic surfactant, e.g., C 10 E 5 , the CMC decreases with increasing temperature, while for polar surfactants, e.g., dodecyl sulphate (C 12 SO − 4 Na + ), after an initial weak decrease the CMC rises as a function of temperature. This different temperature variations of ionic and non-ionic surfactants have been ascribed to the different interfacial structures of the hydrophobic core. A non-ionic micelle has a thick interfacial layer of head groups rather than a sharp transition from the hydrophobic micellar interior to the aqueous bulk seen for the ionic surfactants. Although the lattice models discussed here have been able to predict the phase diagram quite successfully, they are inadequate to capture the temperature dependence of the CMC. The inadequacy lies in the fact that in models of these types, the solvent particles, even when present, do not have any structure. It is worth mentioning that in the effective model without the solvent particles the interaction parameters are in principle functions of all the thermodynamic parameters, e.g., temperature and concentration. Therefore the temperature dependence of the CMC from the effective model does not necessarily reflect a similar temperature dependence from the original model with the solvent particles present. But since the solvents in the actual model are featureless, it is not surprising that the effective model gives a similar qualitative temperature dependence of the CMC.
Finally, it is worth mentioning that the Ising-like model studied by Wenzel et al predicts a lowering of the CMC with increasing temperature, and the model also predicts a closed-loop coexistence curve [10] . For a two-component fluid mixture it has been demonstrated by Walker and Vause [32] that a closed-loop coexistence curve will occur because of the competition between the Ising and the orientational degrees of freedom. Evidently, new features need to be added to the lattice models of amphiphiles to account for a closed-loop coexistence curve which in turn will bring out the right temperature dependence of the CMC. Temperature-dependent solute conformation effects have been suggested [31] but have not been incorporated in the large-scale simulations of lattice models. It will be worthwhile to study the properties of the generalized lattice models with additional internal degrees of freedom.
